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Abstract : We have calculated various inelastic (including ionizing) collision parameters for the impact of electrons on H2O molecules
in the liquid (water), ice as well as cluster environments. Corresponding to incident energies Ei above the ionization threshold upto about 
2000 eV, an imaginary part of complex optical potential is employed to obtain total inelastic cross sections and these arc used to 
derive the total ionization cross sections (2,on> Ihe present calculations are extended to obtain the bulk or the macroscopic cross sections
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1. Introduction
The H2O m o lecu le , in its free  (v a p o u r)  s ta te  o r  in co n d en sed  
matter form s su ch  as  ice , liq u id  o r  c lu s te rs  has  been  an 
interesting ta r g e t  o f  in v e s t ig a t io n s .  E x p e r im e n ta l  a n d  
theoretical w o rk  o n  d if fe re n t c ro ss  sec tio n s  fo r th e  im pac t 
nt electrons on  iso la ted  H 2O  m o le c u le s  is q u ite  ex ten s iv e ,
e.g.^ Z ecca  e t a l  [1], S trau b  e i a l  [2 ], V ik o r  and  K u rep a
13], Joshipura an d  M in a x i [4 ], H w a n g  e t a l  [5] an d  K Jiare an d  
^leath [6 ]. T h e  s tu d ie s  o n  e le c tro n  co llis io n s  w ith  H 2O  in 
hquid or ice p h a se s  a re  o n ly  a  few . E lec tro n  e n e rg y  loss 
tiieasurem ents in  ic e  w e re  d o n e  b y  S a fw a n  e t  a l  [7J. 
Theoretical w o rk  o n  e -Y iiO  ( l iq )  h as  been  d o n e  by  D in g fe ld e r
[8 ], w hereas Jo sh ip u ra  and  M in ax i [9] ca lcu la ted  e lec tron  
5>cattering c ro ss  se c tio n s  fo r  H 2O  (liq ) a s  w ell a s  H 2O  (ice). 
Probably th e re  a re  n o  e x p e rim e n ta l s tu d ie s  in  b o th  th ese  
cases. H ence it o f  in te re s t to  c a lc u la te  th e  ^ -H 2 0  c ro ss  
^^ciions, e sp ec ia lly  th o se  a b o v e  th e  io n iza tio n  th re sh o ld  in 
condensed p h a se s . T h is  a ffo rd s  a  co m p a riso n  o f  e lec tro n  
Scattering p a ra m e te rs  in  th e  c o n d e n se d  p h ase s , w ith  th e  
corresponding re s u lts  o n  H 2O  (free ), w h ich  a re  w e ll-k n o w n .
In the p resen t ca lcu la tio n s w e show  th a t th e  re lev an t cross 
sec tio n s are  d ep en d en t on  the b asic  m o le c u la r p ro p ertie s  
(see  T ab le  I) th a t vary  from  v a p o u r to  liqu id  o r  ice. T he 
e lec tro n  in te rac tio n s in w a te r an d  in ice h av e  an  ap p lied  
im portance . A stro p h y sica l o b jec ts  like co m ets , in te rs te lla r 
c lo u d s  etc ,, are found  to  con ta in  icy m atter.
T he e -H 2 0  co llis io n  as an iso la ted  sca tte r in g  ev en t a t 
en e rg ie s  ab o v e  th re sh o ld  co m p rise s  o f  e la s tic  as w ell as 
ine lastic  (io n iza tio n  and  e lec tro n ic  exc ita tio n  e tc . ) p rocesses . 
A t h ig h  en e rg ies  o f  im p ac t say  ab o v e  E, =  1000 eV  th e  n o n ­
e las tic  sca tte r in g  is d o m in a ted  by  io n iza tion . W e d e fin e  
p re sen tly  fo r th e  (e  +  H 2O ) sca tte r in g  sy s tem , a  co m p lex  
e n e rg y -d e p e n d e n t o p tic a l p o te n tia l P^ opt +  iV].  th a t 
a cco u n ts  fo r all a llo w ed  in e lastic  ch an n e ls  cu m u la tiv e ly . T he  
im ag in a ry  co m p o n en t o f  l^opi, ca lled  th e  ab so rp tio n  p o ten tia l 
is ch o sen  in th e  fo rm  o f  a v e ry  su ccessfu l m o d e l first 
g iv en  b y  S taszew sk a  e t  a l  [10 ], an d  e m p lo y ed  freq u en tly  in 
a to m ic  an d  m o le c u la r  co llis io n s. It in c lu d es  th e  e ffe c t o f  
e x ch an g e  and  p o la r iz a tio n  co rre la tio n s  lo ca lly  an d  is such  
th a t Fabs ~  0 , fo r in c id en t e n e rg y  E , ^ A  gap, th e  1 st e le c tro n ic
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e x c ita tio n  en e rg y . T h e  q u a n tity  o b ta in ed  d irec tly  from  F^bs 
is  th e  to ta l in e la s tic  c ro ss  sec tio n  Q m  (E d  w h ich  w e  h av e  
c a lc u la te d  s e p a ra te ly  fo r H 2O  (liq .)  an d  H 2O  (ice). T he  c ro ss  
se c tio n  ginei d o e s  n o t in c lu d e  th e  (sm a ll) b u lk  e ffe c t o f  
p la sm o n  v ib ra tio n  e tc ., b u t is a  g o o d  ap p ro x im a tio n  to  to ta l 
io n iz a tio n  c ro ss  se c tio n  (E i), say  from  1000 eV  o n w ard s.
W e h av e  c h o se n  en e rg ie s  in th e  ran g e  2 0 -2 0 0 0  eV  to  
c a lc u la te  0,„ei. T h e se  a re  u sed  to  in fe r Qion an d  fu r th e r to  
o b ta in  th e  m a c ro sc o p ic  ( in e la s tic )  c ro ss  sec tion  21ot. a lso  
c a lle d  th e  in v e rse  m e a n  free  p a th  (IM F P ). T he e lec tro n  
(in e la s tic )  m e a n  free  p a th  A  =  l/2 iob is a lso  s tud ied  as a 
fu n c tio n  o f  e le c tro n  im p ac t en e rg y  £ /. W e m ad e  ad eq u a te  
c o m p a riso n s  w h e re v e r  p o ss ib le . A  sh o rt d iscu ss io n  on  th e  
m e a n  p a th  o f  e le c tro n s  in so lid s  h as  b een  g iven  in v iew  o f  
th e  p re se n t w o rk  on  ice , v is -a -v is  th a t o f  B rig g s  and  Seah 
[ 1 1 ] on  v a rio u s  o th e r  so lid s  e .g ., m eta ls .
2 . T h e o r e t ic a l  m o d e ls  a n d  c a lc u la tio n s
C o n s id e r in g  th e  H 2O  in a  p a rtic u la r  p h ase , th e  e -m o lecu le  
in e la s tic  c ro ss  sec tio n s  a re  ca lc u la ted  by  tre a tin g  th e  co m p lex  
e n e rg y -d e p e n d e n t o p tic a l p o ten tia l Vopt ex ac tly  in the  p artia l 
w a v e  d eco m p o s itio n . T h e  ab so rp tio n  p o ten tia l Kabs req u ired  
to w a rd s  th is  is b a s ic a lly  o f  a  local fo rm  [ 1 0 ], w h ich  w e  h ave  
m o d if ie d  fo r th e  p re se n t p u rp o se . T h is  p o ten tia l is g iv en  by,
^ ;b s (^  E , ) =  - p ( r ) . ( 7 I ^  /2 ) ''^ (8 ;r /1 0 A :^  E , ).
X - k j - 2 A^. {A^ + A 2 + A j ) . ( 1)
H ere , p ( r )  is th e  sp h e rica l c h a rg e -d e n s ity  o f  H 2O , k}. = 
( 3 « ^ p ( r ) ) '^ , / ? =  y f l E ^  is th e  in c id en t m o m en tu m , in au  an d  
6 ( x)  is th e  H e a v is id e  fu n c tio n . T h e  lo ca l k in e tic  en e rg y  o f  
th e  im p in g in g  e le c tro n  is, Tioc =  £> -  E ,)  w h ere , th e  rea l
p a rt o f  th e  c o m p le x  p o te n tia l is
yR  =  W  +  Tex(r, £ /) +  Kp„,(r, £ ,) . (2 )
T h e  th re e  te n u s  o n  th e  R H S  o f  (2 ), a re  th e  sta tic , e x ch an g e  
an d  ta rg e t-ch a rg e  p o la r iz a tio n  po ten tia ls , w h ich  a re  ca lcu la ted  
th ro u g h  th e  c h a rg e -d e n s ity  p ( r )  b y  em p lo y in g  w e ll-k n o w n  
a n d  su c c e ss fu l m o d e ls  as o u tlin e d  in  Jo sh ip u ra  an d  M inax i
[4 ]. W e  o m it h e re  th e  d e ta ils  o f  th e  fu n c tio n s  Au A2 an d  A3,, 
w h ich  a re  g iv e n  in  [1 0 ], T h ese  fu n c tio n s  d ep en d  on  th e  
ta rg e t c h a rg e -d e n s ity  p ( r ) ,  in c id en t m o m en tu m  p  a n d  an 
e n e rg y  p a ra m e te r  A, fo r  w h ich  d if fe re n t ch o ice s  ex is t in 
lite ra tu re . W e  n o te  th a t  o u t o f  th e  a b o v e  te n u s  A\, A2 and  
A }, th e  la s t o n e  is  s ig n if ic a n t m a in ly  in th e  o u te r  reg io n  o f  
th e  ta rg e t ch a rg e -c lo u d . S in ce  th e  in n e r  sh e lls  a re  h a rd e r  to  
b e  io n ized , w e  c h o o se  p re se n tly  A «  / ,  th e  f irs t io n iza tio n  
en e rg y  fo r  th e  te rm  A 3, a n d  se t A >  /  fo r  th e  re s t. W ith  th is  
th e  m a in ly  d e sc r ib e s  th e  io n iza tio n  o f  v a le n c e  e lec tro n s , 
e sp ec ia lly  a t h ig h  e n e rg ie s . In  th e  w e ll-k n o w n  ca se  o f  H 2O
(free ), th is  ch o ice  y ie ld s  j2 i„ei »  Qion fo r en erg ies  £ , > 1000 ; 
eV . T o w ard s  th e  sca tte r in g  ca lc u la tio n s , th e  Kgb, employed 1 
in  th e  S ch rO ed inger eq u a tio n  y ie ld s  th e  im aginary  pan q| 
th e  p h ase  sh ifts  Im  S i(k )  an d  h en ce  th e  to ta l inelastic crosj 
se c tio n .
& „ ( £ , )  =  a - M ^ £ ( 2 / + 1 ) 0
/»0 0 )
w ith  /  e x p ( - 2 I m  S i(k)). T h u s, th e  p re sen t calcu lation  need  ^
th e  p ( r )  as the  b asic  inpu t. F o r an iso la ted  H 2O  molecule iht 
a ccu ra te  (a v e ra g e ) M O  c h a rg e  d en s ity  can  be expressed 
p a ram e tr ic a lly  (in  au ), as
p ( r ) -  j ,
w h ere  a  = 4 4 7 8 , h  0 .0 6 0 2 ;
c - 0 1 2 5 ,  0 .3 2 2 0  (51
In  the  co n d en sed  p h ases , th e  m o le c u la r  ch a rg e  density is 
ex p ec ted  to  be d iffe ren t; h en ce  w e d o  the  modeling, as 
fo llow s.
H 2O  c h a rg e -d e n s ity  in  ic e  a n d  in  l iq u id  :
In c ry s ta ll in e  ice  th e  0 - 0  b o n d  d is ta n c e  betw een u\o 
m o lecu les  is R q o ^  5 .22  ao. H ence , w e  assu m e  the M^O in
ice to  be “c ag ed "  in a sp h ere  o f  rad iu s  y  R q o - The mode! 
ch a rg e -d en s ity  in th is  case  is c a lc u la ted  b y  expandin^^
[1 2 ]  th e  H - a lo m  c h a r g e - d e n s i t i e s  a t  th e  O-atom. 
co rre sp o n d in g  to  th e  ac tu a l b o n d -len g th  /?o h (Table 1)




O-H bond-lcngih (uo) 1.81 1.81 1.912 1 9)2
0 - 0  bond-distance (cro) ac^ ) 5.22 5 63“'
Ionization energy (cV) 12.6 10.5 10 ^
*^ Yoon et al fI3]; •^ I^solaled molecule; ^^Christophorou fl4J;
T he s in g le -ce n te r m o le c u la r  c h a rg e -d e n s ity  th u s  determined 
m u st co rre sp o n d  to  a ll 1 0  e le c tro n s  w ith  th e  “ cage", hence
it is tru n ca ted  to  /?o ^  ^  ’ ^o-o> an d  re -n o rm alized  to 
e lec tro n s  p e r  m o le c u le s  v iz ,.
4 ^ r jA „ ( r ) / - ^ « f r  =  1 0 . (6)
T h e  c h a rg e -d en s ity  psec th u s  c o n s tru c te d  is  rea lis tic  in tl’*' 
it in co rp o ra te s  th e  re le v a n t c o n d e n se d -p h a se  properties, n 't 
q u an titie s  Qinn\ ca lc u la ted  fro m  th is  c h a rg e -d en s ity , represen* 
th e  e le c tro n ic  ex c ita tio n  an d  io n iza tio n  o f  H jO  
e lec tro n  im pac t. F o r H 2O  (liq .)  th e  o n ly  c h an g e  made
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aspect to free c ase , is th a t o f  th e  io n iza tio n  en e rg y , as g iven
n Table 1.
Of more in te re s t a re  th e  to ta l io n iza tio n  c ro ss  sec tio n s 
), (/•'/), th a t can  b e  in fe rre d  fro m  (7,nd (£ /)• In o rd e r to  get 
o^re inform ation re g a rd in g  th e  fo rm er, c o n s id e r  a  ra tio ,
(7)
Q i n M )
his IS genera lly  less  th a n  (b u t c lo se  to )  1 in th e  en e rg y  
jnt?c from th re sh o ld  to  a b o u t 100 eV , an d  co n v e rg es  to  1 
thither energ ies. T h e  co n tr ib u tio n s  o f  e lec tro n ic  ex c ita tions, 
hich have th re sh o ld s  b e lo w  th e  io n iza tio n  en e rg y , q u ick ly  
ijloff above 100 eV  o r  so . W e h av e  n o ted  a  tren d  in th is  
}(io for the m o le c u le s  C H 4, N H 3 an d  H 2O , fo r w h ich  a  lo t 
i experimental d a ta  ex is ts . U s in g  o u r  c a lc u la ted  and  
K* measured v a lu e s  o f  w e  find  th a t fo r  H 2O ,
R(E,) ~  0 .8  , a t £ ,  =  100 eV
^ 1 . 0 ,  a t £ ,  > 1 0 0 0 e V .  (8 )
)i the p resen t p u rp o se  th e  a b o v e  ra tio  m ay  be u sed  a lo n g  
I the p resen t v a lu e s  o f  {7,„d to  in fe r th e  P,on fo r th e  H 2O  
oicculc in th e  re sp e c tiv e  p h ases . In o rd e r  to  d e te rm in e  th e
for 1 1 )0  ( iiq ), H 2O  (ic e )  an d  fo r the  w a te r d im e r w e 
iiploy the ab o v e  ra tio  c o rre sp o n d in g  to  H 2O  (free).
Results, discussions and  conclusions
paper h ig h lig h ts  a  n ew  a p p ro a c h  to  e s tim a te  the  to ta l 
ni/alion cro ss .sections fo r so m e  o f  th e  ex o tic  ta rg e ts , by 
nsidering the io n iza tio n  c o n tr ib u tio n  to  th e  to ta l ine lastic  
)ss section a t a g iv en  im p ac t en e rg y . U sin g  th e  ch a rg e - 
nsity m odels d e sc r ib e d  ab o v e  in th e  a b so rp tio n  p o ten tia l 
d feed ing  th e  n e e d e d  in p u ts  w e  c o u ld  s u c c e s s fu l ly  
Iculate the to ta l in e la s tic  an d  to ta l io n iza tio n  c ro ss  sec tio n s 
H2O in liqu id , in ice a n d  in d im e r  fo rm s. O u r resu lts  fo r 
J free m o lecu le  a re  fo u n d  to  be  in ag re e m e n t w ith  the 
ailable ion iza tio n  d a ta  o f  S trau b  et al [2] an d  V ic k o r an d  
•repa [3]. T h e  Q in e l o f  H 2O  (liq ) as g iv en  in the  sem i- 
ipirical ap p ro ach  o f  D in g fe ld e r  et al [8 ] a re  lo w er than  o u r 
lues at lo w er en e rg ie s , an d  th is  is ex p la in ed  b e low .
In our F ig u re  I ,  th e  E, versus Q ^ e i cu rv es  d ep ic t th e  
savior o f  th is  c ro s s  sec tio n  fo r H 2O  in v a rio u s  co n d en sed  
ms. A c o m p ariso n  h as  b een  m a d e  w ith  th e  to ta l ine lastic  
sec tions o f  H 2O  (f re e ) , a s  w e ll as th e  v a lu e s  o f  
^gfclder et al [8 ] c o rre sp o n d in g  to  liq u id . In  o u r  th eo ry  
Qmc\ in c reases a lo n g  th e  se q u e n c e  v a p o u r (fre e )-liq u id - 
^ i s  is a  d ire c t c o n se q u e n c e  o f  th e  m o le c u la r  p ro p ertie s  
given in T ab le  1 . In ice s tru c tu re  th e  m o lecu le  has the 
gest 0 ~ H  b o n d lc n g th  an d  h e n c e  th e  la rgest Qmn\. AH the  
’d curves a tta in  a  d is tin c t p e a k  v a lu e  a ro u n d  8 0 -9 0  eV  
I then ten d  to  c o n v e rg e  to w a rd s  th e  h ig h e r  reg io n s  o f  the
energy . S ligh t d iffe ren ce  in the  ion iza tion  en e rg ie s  o f  the 
d if fe ren t s ta tes a lso  acco u n ts  fo r the  varia tion  in the  peak  
p o s itio n s .
Figure Total inelastic cross sections in 10 *** enr at various energies,
Curve A -  ice, Curve B “ liquid, Curve C free and Curve D - data of 
Dingfelder e/ a/ [8].
T he ca lcu la tio n s  o f  ref. [8 ], a rc  ba.scd on the  h ig h  en erg y  
B om  app ro x im atio n , em p lo y in g  th e  im ag in a ry  p a rt o f  the 
co m p lex  d ie lec tric  response  function  o f  the  w a te r m ed ium . 
T hese  au th o rs  ex ten d ed  th e ir m ethod  to  low  en e rg ies  by  
co n sid e rin g  no n -B o rn  effec ts. H ence, th e ir  re su lts  a t low 
ene rg ies  m ay  n o t be re liab le . Indeed  b e low  300  eV  th e ir 
c ro ss  sec tio n s fall be low  o u r va lues fo r H 2O  (liq ). O u r 
ev a lu a tio n  o f  the is based  on th e  im ag in a ry  p a rt o f  a 
co m p lex  po ten tia l th a t h o ld  good  eq u a lly  a t low  as w ell as 
h igh  energ ies. *
T he Inverse  M ean  F ree Path (IM F P ) o r  th e  m ac ro sco p ic  
c ro ss .section is d efin ed  as,
^lol '  ^  (?mcln
w here  N is th e  n u m b er o f  m o lecu les  p e r  u n it v o lu m e  o f  
liq u id (w a te r). 1 'h is q u a n tity  is p lo tted  a g a in s t £ /  in th e  
F igure  2, and  is co m p ared  w ith  th e  re su lts  o f  [8 ]. T he
Figure 2. Inverse Mean Free Path (l/jim) for electrons in water medium; 
- Present,...................Dingfelder et at [8].
d iffe ren ce  in th e  p resen t an d  th e  co m p a red  re su lts  in th is  
fig u re  a re  in te rp re ted  in te rm s o f  th e  tw o  basic  ap p ro a c h e s  
as d iscu ssed  ab ove . F u rth e r th e  in v e rse  o f  Etot g iv e s  th e  
m ean  free pa th  A , an d  th is  la tte r q u an tity  is m in im u m  a t th e
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peak of the former. The minimum (inelastic) mean free path 
of electrons in ice medium is found to be about 9 A. This 
is comparable to but more than the electron mean free path 
in other solids (metals), as obtained by Briggs and Seah [II]. 
The latter work includes, apart from ionization, the bulk 
effects of plasmon vibrations etc., hence their minimum MFP 
is about 5 A.
Finally consider the total ionization cross section Qjon, 
which has been obtained in each phase here through the 
ratio R defined in section 2. The (),on is found to be 80% of 
ginei at the peak of it and matches with the same above 600 
eV. The j2ion are exhibited in Figure 3. Here the lowest curve
Figure 3. Total ionization cross section o f H2O in various phases; 
- 0  - 0 - 0 " free, Experimental Qion for U2O (free) given by
Straub e/ 12|, - + - + - + - liquid (watcr)»--------- ice, a n d ...............
Dimer.
corresponding to HiO (free) reproduces the experimental 
ionization data of [2]. The relative behavior of the three 
phases in Figure 3 is similar to the Figure 1. In the case of 
water dimmer we calculated Q\^ e\ per molecule and estimated 
01011 from the knowledge of /i(£,). We must note that the 
ionization energy of the dimmer [H20]2 is assumed to be the 
same as that of the HiO (ice). It could be somewhat higher 
in dimer. Among the three phases the Q„,„ of ice and dimmer 
are the largest, as expected.
In conclusion this article has investigated the toi 
inelastic and ionization cross sections of H 2O  in varioj 
environments and comparisons have been made with tl 
experimental and other theoretical results, as available n 
relative magnitudes of these cross sections arc understo( 
in terms of the properties of H 2O  molecule in different phast 
This work can be extended to amorphous ice and thin wat 
films.
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